The nose is a dynamic organ and is the first point of contact between inhaled air and mucosal surfaces. Within the nasal cavity, there are changes of air flow and pressure occurring during the respiratory cycle, as well as exchanges of heat and humidity, and important immune responses to inhaled antigens and allergens.
Introduction
Many different methods have been developed to determine airflow and other variables in the nasal cavity. However, each of these has been hampered by the complexity of the nasal anatomy and the difficulty of inserting sensors into the nasal cavity without changing its physiology (1) .
There are currently three physical techniques in common use. Rhinomanometry measures pressure and airflow during respiration to define the resistance of the nasal airway. Acoustic rhinometry uses the sound waves reflected from the nasal walls to create a two-dimensional image of the nasal cavity (2) . These tests have significant limitations since they do not show the entire nasal function, such as local flow and pressure changes, turbulence, and heat exchanges (3) . The measurement of peak nasal inspiratory flow (PNIF) is a validated technique that has been shown to be valuable as an objective assessment of nasal patency (4) . It has been used to analyse nasal airflow in respiratory diseases as well as to evaluate results of clinical or surgical treatments (5, 6) . However, this method has limitations because it is dependent on lung function, body position, and the cooperation of the individual tested (7, 8) . Therefore, a better way of visualising the complexity of nasal airflow is required.
Computational fluid dynamics (CFD) is a discipline derived from the union of fluid mechanics, mathematics and computer science, which uses numerical simulations to analyse data related to interactions of liquids, particles or gases whose motion is limited by solid surfaces, as well as to evaluate heat or humidity exchange across surfaces (9, 10) . The study of fluid dynamics simulating airflow in the nasal cavity was initially performed using anatomic plastic models (11) . The first anatomically accurate C o r r e c t e d P r o o f 3-D computer-generated model of airflow in the nose based on CT scan results was described in 1995 (12) . Since this time CFD modelling has been used to study airflow, heat and humidity exchanges, as well as topical delivery of drugs into the nasal cavity and paranasal sinuses under normal or pathological conditions. In this review, we will describe the contributions of CFD to clinical rhinology, as well as review the studies which validate this method.
Methods
The studies analysed were obtained from an online survey on the database of the University of Auckland (New Zealand), the 
Results

Model development
The first step to creating a three-dimensional model of the nasal cavity and paranasal sinuses is the acquisition of data from a computerized tomography (CT) scan or a magnetic resonance image (MRI) of the nose and paranasal sinus (13) . The slice thickness of the exam impacts on the quality and resolution of the reconstruction in three dimensions. Resolutions of 1 mm are acceptable to study the nasal cavity, although higher resolutions are optimal if the study is focused on paranasal sinuses (14) . After the data set is acquired, the images need to be processed in order to be converted into a 3-D computational model ( Figure 1 ) (15) . For this propose, the images need to be subjected to the processes of filtration, segmentation, surface reconstruction and mesh generation (16) .
After obtaining a 3-D model of the nose and paranasal sinuses, software that uses equations based on the conservation laws of physics are applied to these models to simulate numerically the inspiratory and expiratory airflow (10) , and to derive laminar or turbulent airflow patterns, heat or humidity exchange, and particle deposition (17) (Figure 2 ) (15) .
CFD is a demanding process, taking several hours of work by a specialist bioengineer and a high-performance computer to perform only one simulation (9, 16) . However, the amount of information obtained from these studies has greatly contributed to increased knowledge about the physiology of the nose and paranasal sinuses and some of these contributions will be described below.
Airflow
Before the development of CFD techniques in otolaryngology, it was difficult to describe the variations in air flow within the nasal cavity and paranasal sinuses using human or "nose like" models (14, 18, 19) since techniques that require equipment or sensors placed in the nasal cavity may disturb the normal airflow.
Although cadaver-based models are easier to create, postmortem tissue shrinkage can distort the nasal airway's anatomy (20) .
The development of CFD techniques has allowed the simulation and visualization of airflow patterns in the entire nasal cavity and paranasal sinuses in health or disease (9, 21) , improving the understanding of the nasal physiology as well as the planning of surgical treatments (3) .
CFD has been used to analyse the airflow in 20 adult healthy noses (19) and found the flow accelerated in the nasal valve region, due to the resistance in this region, slowed posteriorly in the nasal cavity and increased again in the nasopharynx. Only a small proportion of streamlines were found in lower nasal meatus.
Most of the flow went through the lower part of the olfactory cleft and middle meatus. These findings have been confirmed by others who found that nasal resistance and shear stress on the wall reached a peak in the region of the nasal valve (22) , and the values of nasal resistance measured by rhinomanometry were similar to those found using CFD (23) .
In a normal nasal cavity, CFD models also demonstrate that the airflow follows three distinct paths. The first stream originates on the edge of the nostril and goes dorsally to the region of the olfactory cleft, the second comes from the central portion of the nostrils and goes to the middle meatus, and a third flow goes to the inferior meatus, originating from the base of the nostrils (24) . These simulations have demonstrated that in a healthy nose the main airflow is located between the inferior and middle turbinates (25) . However, with a septal deviation, this flow is more complex, passing through the floor and the roof on the side of the deviation, and with an increase in its velocity. CFD has shown that the nasal valve region is the area where the most turbulent flow occurs. In septal deviation, this phenomenon is reduced or even disappears, particularly if the deviation is located close to the nasal valve (25, 26) . These findings are similar to cases of hypertrophy of inferior turbinates with severe obstruction, where the influence of the nasal valve virtually disappears (18) . Measurements on synthetic models using particle image velocimetry confirm the relationship between nasal geometry and airflow and can validate the CFD results (27) .
C o r r e c t e d 
. Airflow also increased remarkably in the maxillary sinus after uncinectomy and middle meatal antrostomy, from 1% in a normal nose to about 25% after the surgery (36) . These CFD data suggest a close relationship between the size of the post-op maxillary ostium and the increase of airflow into this sinus. Similarly, virtual sphenoidotomy has been shown to increase considerably the airflow into the sphenoid sinus (37) since about only 0.013% of the inhaled air reaches the sphenoid sinus preoperatively, increasing to 17% after surgery.
One of the major challenges related to airflow study and CFD is whether the results can be validated by other measurements.
The results of airflow measurements between CFD simulations and anterior rhinomanometry in a similar mucosal condition have been compared and found to be very similar (38) . Models can also be useful to validate the CFD simulations. 3D-plastic models have been built to study airflow patterns through the nasal cavity by flow visualization and particle image velocimetry, and the results have shown different airflows in each nasal region (39) . The slower flow in the olfactory region, more rapid and unstable flow in the turbinate region and a laminar flow mainly passing through the middle meatus corroborate well with CFD simulations (40) .
Thermal and humidity exchange
Both temperature and humidity rise as inhaled air passes through the nasal cavity mostly at the anterior third of the nasal airway (41) . Miniaturized thermocouples on the nasal mucosa have shown that during inspiration, air temperature declined from 32.5°C to 30.2°C in the region of nasal valve, and from 34.4°C to 33.2°in the nasopharynx (42) . However, the complexity of the nasal anatomy hampers direct measurement and the insertion of probes and sensors may cause perturbations in flow distorting the results (20) . Infrared thermography has been used to measure nasal temperature, but this method is restricted to the nasal vestibules and does not provide data on intranasal CFD modelling has been used to predict changes in airflow in surgical situations and showed that aggressive sinus surgery that considerably enlarges the nasal cavity reduces the contact between airflow and the nasal wall, and resultant air conditioning (28) . Others have found variations of airflow, pressure, velocity, temperature, nasal resistance, and heat exchange following various degrees of middle or inferior turbinate resection (13, 29) .
These changes were more prominent in near total resection models.
CFD virtual surgery can be performed to predict the physiological outcomes and improve the success rate after real surgical procedures. Virtual septoplasty and partial lateral turbinectomy to treat nasal obstruction have been simulated and demonstrated an airflow increasing through the middle meatus and a general reduction in the intranasal airspeed (30) . Different turbinectomy techniques have been simulated using CFD and showed a reduction of airflow near the olfactory region when the head or almost all the inferior turbinate were resected, which could reduce the sense of smell in the postoperative period (31) .
The excision of the lower fifth of the inferior turbinate did not change this flow. Using CFD, new techniques such as pyriform turbinoplasty and nasal wall lateralization have shown an increase in the airflow as a strategy to open the nasal valve to treat nasal obstruction preserving the turbinates (32) . Thus CFD may be useful to demonstrate the effects of turbinate enlargement and to test new surgical strategies for optimizing airflow (21) .
From a sinus surgery perspective, CFD has also been used to quantify the improvement in paranasal sinuses ventilation.
It has been shown that the airflow into maxillary sinus was virtually zero before surgery (33, 34) . However, after performing different sizes of virtual antrostomy, the airflow increased between 0.2% to 50.5%, depending on the antrostomy size. The average airflow has been shown to increase into the maxillary sinus by 18.5mL/s (5.2 -28.2 mL/s) after functional endoscopic sinus surgery (FESS) where the size of the maxillary ostium was Figure 1 . 3D nasal cavity geometry of a healthy normal subject and cross-sectional views of the nasal airway. Retrieved from Kumar et al. (15) .
C o r r e c t e d P r o o f heating exchanges (43) . Air turbulence is also necessary for efficient air conditioning as it increases contact between airflow and the mucosa, improving the efficiency of heat and humidity exchange during the respiratory cycle (44) .
It has been suggested that airway geometry is the key factor in the heat and humidity exchange capability of the nose (45) , and CFD can be utilized to simulate these phenomena in 3D models.
CFD prediction of air temperature in different regions of the nasal cavity at the end of inspiration has suggested an average of 25°C in nasal vestibule, 29.2°C in the nasal valve and 31.9°C
in the nasopharynx (46) . These findings agree with studies using 
.
CFD modelling suggests that the most important regions for thermal exchange and air conditioning during the inhalation are the anterior turbinate regions whereas heat recovery occurs during exhalation covering the posterior area of the middle and inferior turbinate, and the choana (48) . Other CFD models have suggested that air flow heating was more effective at the superior and inferior parts of the nasal cavity. This reflects the passage of 60% of the airflow between the middle and inferior conchae, whereas about 8% flows through the superior aspect of the cavity and about 33% through the inferior aspect, so the airflow has more time to be heated in the upper and lower regions (46) . CFD may also be useful for demonstrating changes in the thermal balance due to nasal pathologies or surgical procedures.
Septal perforations in anterior-caudal positions reduced the temperature and humidity of the inhaled air, whereas anteriorcranial and posterior-caudal perforations have minimum impact on these parameters (49) . These results explain why anterior-caudal septal perforations lead to mucosal dehydration, epistaxis, and crusting. CFD models have shown that surgeries for reduction of inferior turbinates can change the nasal airflow pattern and, consequently, reducing heat transfer (50) . Resection of the head of inferior turbinate left the nasal cavity's ability to heat cold air almost unchanged. However, the air temperature in the nasopharynx was 12% lower when the inferior turbinate was partially removed, and 18% lower in radical inferior turbinectomies, comparing to intact nasal cavities.
Regarding the paranasal sinuses, a virtual simulation has demonstrated that increased airflow in the maxillary ostium after endoscopic surgery reduced the temperature at this site and also decreased the absolute humidity by about 9% in the maxillary sinus. A colder, drier postoperative environment may explain why some patients develop recalcitrant crusts and mucus thickening after sinusotomies (34) .
Particle deposition
The transnasal route can be used to administer steroids and saline irrigations for local treatments as well as systemic medications such as insulin, oxytocin and growth hormone (51) (52) (53) (54) . Howe- Figure 2 . Instantaneous streamline plot at peak inspiration and peak expiration near frontal ostium. Retrieved from Kumar et al. (15) .
C o r r e c t e d P r o o f
ver, to ensure adequate dosage, topical drugs must be reliably distributed and deposited on the nasal mucosa (55) . The deposition of particles can be influenced by the speed and turbulence of the airflow, the particle size, density and shape, the exposure time of the mucosa to the airstream, and morphological features such as nasal and nostril geometry (45, 56) . However, frequent variations in speed and direction of the airflow in each region of the nasal cavity, along with the physiological characteristics of ciliary movement, mucus and nasal congestion make modelling difficult.
The main challenge is to combine both qualitative and quantitative analysis in a non-invasive method. The addition of dyes or radioisotopes to topical medicines whose distribution is then detected by radiological or scintigraphic scans or endoscopic examination provides information on the topographic distribution of medicines. However, these techniques can be sometimes invasive and are limited by low resolution and/or radiation exposure (57, 58) .
CFD models can provide information on the influence of different patterns of nasal anatomy, airflow velocity, particle size, the velocity of the jet, cone diameter and position of the spray in the nostril during application (45, 58) . With this method, it is possible to improve the design and effectiveness of several mechanisms of delivery of medications within the nasal cavity.
One of the most important barriers to the delivery of medications to the nasal cavity is the nasal valve. This region is situated in the anterior part of the nasal airway where there is both the smallest cross-sectional area and the highest resistance to airflow. The particle delivery achieved by 18 different nasal spray devices in different positions has been simulated by CFD, and it was found that only in 15 out 48 spray simulations particles penetrated through the nasal valve and reached the turbinates, septum, and lateral wall (59) . The probability of particles reaching the nasal cavity can be improved in different ways: the reduction of the particle size (20 μm) and spray velocity (1m/sec), by 1 cm of nozzle penetration distance into the nostril, and the presence of gentle inspiratory airflow (15L/min).
Virtual models of particle deposition in possible drug targets, such as the olfactory region, nasal valve and turbinates were performed (24, 52) , and showed that most particles released from nasal devices were deposited in the anterior portion of the nose and did not reach the nasal mucosa, limiting the desired therapeutic effect. One of these studies concluded that nasal administration by nebulizers seems to be efficient and reduces the impaction of the particles in the anterior nasal cavity since they generate small particles (10-20 μm) with low-velocity airflow (7.5-15 L / min). Higher spray particles delivered at higher rates may increase drug loss through the nasopharynx (24) .
In one CFD study on nanoparticle deposition, two different spray devices (hollow and a solid spray cone) were analysed (16) . When delivering 5 μm particles, both devices had a nasal deposition pattern of about 25%. The same study found almost complete of deposition on the nasal mucosa when nanoparticles (1nm) were delivered in a low flow rate (4L/min), but the deposition was found within the anterior region of the nasal cavity. At a flow rate of 10L/min the delivery was more dispersed throughout the nasal cavity, but with a deposition rate reduced to 40%. It has been found that, for a fixed breathing rate, as the particle size decreased, the total nanoparticle deposition increased, and that total particle deposition declined as the flow rate increased (36) .
The study of drug administration is extremely complex and the search for an ideal mechanism can be altered by regional or ethnic factors. CFD modelling has been used to study the different nose and sinus deposition patterns of intranasal sprayed particles in Asian, African American, Latin American and Caucasian subjects with ''normal'' computed tomography (60) . The computational simulations showed no particle deposition in the maxillary sinuses of all subjects studied, although there was considerable deposition in the osteomeatal complex. For small particle sizes (5 μm -15 μm), Asians had the most cumulative delivery, while African Americans had greater deposition of sizes particles (20 μm -50 μm). Caucasians had the fewest localized regions with particle deposition.
Since the peculiar anatomy of the sinuses prevents the passage through their ostia and makes it impossible to insert sensors inside them, CFD has been proved to be a useful tool for simulating and analysing the entry and deposition of particles at these sites (61) . In a CFD model which studied the deposition of three different nanoparticle sizes (1, 10 and 40 nm) within the maxillary sinus, no particle passed through the ostium into the maxillary sinus. SPECT-CT and gamma-scintigraphy have been used to validate these results (62) and found that the deposition in frontal sinuses was nil, and less than 1% of the total particle deposition was detected within the ethmoid and maxillary sinuses.
Patients who fail medical treatment for chronic rhinosinusitis usually need to undergo endoscopic sinus surgery (FESS), a procedure which aims to open the paranasal sinuses and improve mucosal ventilation and mucus clearance. An important goal of this surgery is also to increase the delivery of drugs to the paranasal mucosa. CFD has been used to study the effect of four different sizes of antrostomies on the delivery of different particle sizes into the maxillary sinus (33) . The results showed that the C o r r e c t e d P r o o f particles deposition fraction was less than 0.05% in all controls, and the highest nebulised and sprayed deposition was achieved after mega antrostomy. Virtual endoscopic sphenoidotomy has shown an increase of particle deposition in this sinus from 0% to 1.5% (37) and this deposition rose proportionally with particle size until the maximum of 10 μm diameter, then decreased for larger particles (with an airflow between 5 and 7.5 L/min). Similarly, another CFD study found an increase of particle deposition into maxillary sinus after uncinectomy and middle meatal antrostomy, comparing with pre-operative control, with maximum deposition for 10 μm particles (36) .
High-volume irrigation is used frequently after sinus surgeries and considered one of the most effective methods of topical drug delivery as it enters the postoperative sinuses more effectively than sprays or nebulizers. To verify the effectiveness of this method in different head positions and flow rates, virtual nasal irrigations have been simulated by using pre-and postoperative computerised tomography scans of endoscopic sinus surgeries (including modified endoscopic Lothrop or Draf III procedures) (63) . The CFD results demonstrated that low-flow irrigation ( 
Limitations
Like all methods used for the study of nasal physiology, CFD also has limitations. One of these is related to the time required to perform the simulation. After obtaining the image (TC or RMI) the process of constructing the 3D model and carrying out the simulations involves several days of work. In 2010, Leong et al. (9) described that a personal computer required 28 days to complete a simulation. With the constant evolution of computer power and speed, this time has reduced. However, it is still necessary hours of specialized work to obtain the results of a CFD simulation (14) . In addition, due to exposure to radiation from the CT scan, CFD should be indicated in selected cases, where its results could positively aid medical decisions and therapeutic results. The use of MRI would be a more appropriate alternative, although it is still an expensive and time-consuming examination.
A significant challenge to CFD modelling is the variable geometry of the nasal cavity due to the rhythmic engorgement of the nasal mucosa (23) , which may be a determinant of overall nasal resistance as well as modifying the flow in that cavity (20) .
Although nasal physiology is extremely dynamic, CFD simulations only provide information from a static moment, portrayed at the time the CT or MRI were performed (14) . Such a feature neglects the mucosal lining of the cavity and considers the limits of the nasal cavity as rigid walls. Nasal physiology also hampers the CFD simulation of particle filtration and intranasal humidification. Although possible, such simulation is difficult to perform accurately because active and dynamic physiological processes such as local blood flow, congestion and active mucus secretion by glands cannot be adequately simulated. The variability of airflow within the entire respiratory cycle is also not considered in the CFD simulations. Changes in pressure and airflow velocity vary constantly within a complete respiratory cycle. As demonstrated by rhinomanometry, neither the pressure nor the airflow velocity is the same at the beginning and end of the inspiratory or expiratory cycle (41) .
Another important limitation of CFD is related to the validation of the results obtained. Unlike in engineering, where CFD data can be directly confirmed, such measurements are difficult to obtain in rhinology. The introduction of measurement devices into the nasal cavity can affect the normal respiratory cycle, reducing the reliability of the results. In addition, such devices provide localized measurement, whereas CFD provides a comprehensive analysis of the entire nasal cavity. Recently, other methods have been applied to confirm CFD results such as particle image velocimetry technique (45, 64) and 3D synthetic human-like models (40) . However, although some results are similar to CFD models, as described above, data obtained in synthetic models or cadavers also do not take into account the physiological changes that occur in the nasal cavity during the respiratory cycle. The results of airflow measurements obtained in rhinomanometry have already been compared to those found in the CFD simulations and have shown to be very similar (38) .
However, more studies based on the comparison of CFD with the current gold-standard methods for the measurement of nasal physiology, such as acoustic rhinometry and PNIF, would be useful to validate the results of the virtual simulations. Therefore, despite the many advantages of virtual simulations, more studies need to be performed to fully validate the results.
It remains to be seen how the variations of airflow, pressure, humidity, and temperature are related to patients' well-being so that CFD modelling is clinically useful (14) . (41) .
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